Background. Shock frequently complicates necrotizing fasciitis (NF) caused by group A Streptococcus (GAS) or Staphylococcus aureus. Intravenous immunoglobulin (IVIG) is sometimes administered for presumptive toxic shock syndrome (TSS), but its frequency of use and efficacy are unclear.
prompt, appropriate antibiotics and aggressive surgical control. The Infectious Diseases Society of America (IDSA) also recommends clindamycin for NF due to GAS to block exotoxin production and to overcome high bacterial inocula [10] . While intravenous immunoglobulin (IVIG) contains antibodies that neutralize exotoxin superantigens, support for use in critically ill patients with NF caused by GAS or SA remains controversial [11] . IVIG has been studied as an adjunctive treatment in TSS [12, 13] , but the only multicenter, randomized, double-blinded, placebo-controlled trial (RCT) of IVIG in TSS was terminated due to the lack of recruitment after enrolling only 21 patients [14] . In contrast to an earlier small observational cohort in Canada [15] , a larger observational study of streptococcal TSS in children [16] was unable to confirm benefit from adjunctive IVIG. Two recent comparative observational studies of prospectively identified cases of GAS TSS from Sweden (N = 67; 27% with NF) [17] and invasive GAS disease from Australia (N = 84; 79% with shock and 35% with NF) [18] concluded that IVIG either improved or may have improved survival, respectively. Unlike its strong recommendation for clindamycin, the IDSA determined that existing evidence is insufficient to recommend IVIG for NF-TSS and emphasized the need for further studies [10] .
Given the cost of IVIG, interruptions in supply, unclear efficacy, and potential adverse effects, a reappraisal of its role in NF with shock is desirable. However, due to low incidence and controversy regarding equipoise, a sufficiently powered RCT has been difficult to operationalize [14] . Therefore, a large observational study may be the only realistic, near-term approach to inform the balance between benefits and risks of adjunctive IVIG [19] . Furthermore, available epidemiologic data on IVIG use in NF with shock in North America is outdated and varies considerably [20] . An adequately large, observational cohort study is necessary to determine the prevalence of this practice and better assess the current feasibility of conducting an RCT. Here, we used an enhanced administrative database with date-stamped medication administrations from US academic medical centers to examine utilization patterns of IVIG among hospitalized patients with NF and vasopressor-dependent shock (NF-shock) and evaluate the impact of adjunctive IVIG on survival.
METHODS
A retrospective cohort study was performed using the Clinical Database/Resource Manager (CDB/RM) of Vizient, formerly University Health-Systems Consortium (UHC; Chicago, Illinois; see Supplementary Data for details) [21] . The effectiveness of IVIG was evaluated in patients with NF and vasopressor-dependent shock who underwent surgical debridement. The primary outcome was an odds ratio (OR) of in-hospital mortality. The secondary outcome was median length of stay (LOS).
NF-Shock Case-Selection Algorithm
Case selection is presented in Figure 1 . The CDB/RM was queried for adult inpatients between October 2010 and June 2014 with an International Classification of Diseases, Ninth Revision (ICD-9) discharge diagnosis of NF (728.86). Patients coded for Fournier gangrene (608.83) or gas gangrene (040.0) but not NF were excluded, as IVIG has no defined role in these conditions [11] . Also excluded were patients with non-TSS indications for IVIG (Supplementary Table E2 ). The IDSA and Surgical Infection Society guidelines consider surgical intervention to be the primary therapeutic modality for NF and it is standard practice to have patients return to the operating room within 24-36 hours of the index procedure [10, 22] . Although the initial debridement is usually extensive, the extent of tissue necrosis is often underappreciated at that time. An isolated trip to the operating room is likely to represent cases where NF was ruled out by local exploration [23] . Consequently, our debridement algorithm was restricted to patients who underwent debridement ≥2 times and/or amputations (Supplementary Table E1) or who died following a single surgical procedure within 3 calendar days. Date-stamped charges identified vasopressor use to eliminate patients with no clear indication for IVIG.
Analysis
IVIG patients were matched to non-IVIG patients via propensity score matching. The matching algorithm controlled immortal time bias as well as balanced the covariates of Table 1 . Multivariable logistic regression was performed on matched pairs relating the binary outcome of in-hospital mortality to IVIG group status and all the matching variables for the matched cohort. Further details on the primary and various sensitivity analyses are available in the Supplementary Data. Algorithms applied to administrative data were validated by chart review at 4 centers in 3 geographic regions with disparate NF-shock case volume and proportions of associated IVIG use (Supplementary Data).
RESULTS
There were 11 776 unique adult inpatient encounters with the NF diagnosis code at 130 hospitals. Of these, 10 006 (85%) patients were coded for ≥1 surgical debridement, but only 5655 (48%) met the debridement algorithm. Nearly three-quarters of these (n = 4154) received ≥1 vasopressor charge(s), and this group comprised the NF-shock cohort ( Figure 1 ). Nearly half in both the IVIG and non-IVIG groups were transferred from another acute care hospital. Less than 30% of cases in both groups were at hospitals practicing unrestricted dispensing of IVIG for off-label indications such as NF and TSS. Considerable center-level variation was seen in the distribution of NF-shock case-volume and proportional IVIG administration ( Figure 2 ). The mean NF-shock case density was 9.94 per 100 000 admissions (range, 0-197.97 per 100 000 admissions). The mean proportion of NF-shock cases that received adjunctive IVIG remained low in the overall cohort at 4%, as well as among the 61 hospitals reporting any IVIG use at 5.8% (range, 0-100%). Even among patients specifically coded for TSS, GAS, and/or SA, the use of IVIG remained infrequent at only 6.8%. The initial IVIG dose was administered within the first 2 days of hospitalization in 92 of 164 (56%) of the cases (Supplementary Figure E1) . The frequency of IVIG use was significantly lower in hospitals following a restrictive policy for dispensing IVIG in NF or TSS (P = .015).
Of the 164 IVIG recipients, 161 were propensity-matched to 161 non-IVIG cases (Figure 3 ), producing remarkably well-balanced groups (Table 1) for exploring the impact of IVIG on outcome. Within the combined GAS/SA category, separate coding for GAS and SA was equivalent across the 2 matched groups. IVIG had no impact on in-hospital NF-shock cases are dichotomized based on whether IVIG dispensing is restricted at the treating center. The dispensing policy for IVIG was classified as restricted if prior approval was required from infectious diseases or pharmacy. The positive y-axis depicts NF-shock case density (non IVIG cases shown in blue; IVIG cases shown in red) for each hospital, ordered by increasing proportion of IVIG use in NF-shock, which is represented by the negative y-axis (black). Test of IVIG proportion medians between restricted and unrestricted centers by the Wilcoxon rank-sum test with continuity correction yielded a P value of .015, suggesting that restriction significantly reduced IVIG use for this indication.
At the 4 hospitals prospectively selected for chart review, the NF-shock case-definition algorithm identified 126 cases (including 29 IVIG cases; 18% of the total NF-shock cohort that received IVIG), which were all manually reviewed. Median initial IVIG dose was 1 g/kg (0.66-1) and median number of doses was 1 [1, 2] . Of the 29 patients treated with IVIG, 28 (97%) met the NF case definition. For these 28 cases, the microbiologic etiology was monomicrobial in 19 (15 with GAS, 1 each with Enterobacter, Pseudomonas, Candida, and Apophysomyces species), polymicrobial in 8 (including 5 with SA and 1 with both GAS and SA), and culture negative in 2 cases (Supplementary  Table E3 ). GAS was found in surgical cultures in 57.1% of IVIG cases and 22.5% of non-IVIG cases (P < .001) and SA in 17.9% of IVIG and 62.5% of non-IVIG cases (P < .001), respectively (Table 2) . Therefore, among confirmed NF-shock cases by chart review, 75% of those both treated and not treated with IVIG were culture positive for GAS and/or SA, but in roughly reverse proportions for the 2 organisms. This result is perhaps expected because GAS is a recognized etiologic agent of TSS in the setting of NF, and SA is not. The positive predictive value of the debridement algorithm in capturing true surgical debridement for NF was equivalent in reviewed IVIG and non-IVIG cases (89% vs 88%). Additional comparisons of severity of acute illness markers and algorithm performance between reviewed IVIG and non-IVIG cases are presented in Table 2 .
DISCUSSION
We found that IVIG use in NF-shock is infrequent, sporadic, and highly variable across academic centers and affiliates in the United States. Adjunctive IVIG was not associated with a survival benefit in NF-shock patients who received aggressive surgical management and antibiotics, even when IVIG was initiated within the first 2 days of hospital admission. Likewise, specific ICD-9 coding for TSS, GAS, and/or SA or clindamycin use did not identify a NF-shock subgroup for which IVIG significantly improved outcome. Consistent with this lack of a survival benefit, IVIG use for NF-shock did not affect LOS. This multicenter retrospective observational study comprises the largest cohort of patients with NF-shock for whom the clinical effectiveness of IVIG has been evaluated to date, and is the first report examining timing of IVIG administration. Records review enabled validation of assumptions made in the analysis of administrative data. Like previous studies on IVIG efficacy, propensity-score matching was employed to minimize confounding by indication [16] . Our propensity score model included several covariates that are likely to influence the decision to use adjunctive IVIG. Although matching at the primary analysis level was not center specific, IVIG restriction status was used to mitigate the potential for selection bias. Date stamps provided temporal associations between debridement and the administration of vasopressors, clindamycin, and IVIG, which further enhanced matching and risk adjustment.
The population incidence of invasive GAS disease is estimated at 30-39 cases per million [24] [25] [26] with NF occurring in 2.55 cases [26] and NF-TSS in 1.47 cases per million [24] . The rarity of TSS, with or without NF, has hampered the ability to conduct clinical trials. The only RCT [14] to date investigating the role of IVIG was terminated due to low accrual. Even assuming an optimistic 24.8% reduction below the control group mortality of 21.4% (seen in our subgroup of matched pairs coded for TSS, GAS, and/or SA), a future RCT would require 888 NF-shock patients in each arm in order to attain 80% power to detect a survival benefit from IVIG (see Supplementary Data for sample size calculations and an overview of ongoing RCTs). Furthermore, ambiguity remains around IVIG dosages and duration. Thus, this reappraisal here of existing use patterns and clinical effectiveness of IVIG in NF-shock in the real-world setting is an important first step for designing any future RCT.
Despite sharing an immunological mechanism, staphylococcal and streptococcal TSSs are clinically and epidemiologically distinct diseases [7, 9, 27] . Shock occurring during NF due to GAS is by definition TSS, while a similar case due to SA is typically classified as septic shock, a less specific entity. Nonetheless, SA clinical isolates commonly produce a wide variety of exotoxins, including TSST-1 and various staphylococcal enterotoxins that have superantigen activity and the potential to cause TSS [6] . We grouped together ICD-9 coding for TSS, GAS, and SA because of this ambiguity. However, and as expected, NF due to SA represented only a small minority of IVIG cases. Conversely, non-IVIG cases were significantly enriched for SA infections, suggesting that clinicians are following Centers for Disease Control and Prevention case definitions for TSS and avoiding IVIG use in NF-shock caused by SA. Although higher doses of IVIG may be needed to neutralize SA compared to GAS exotoxins in vitro, the relative clinical efficacy of IVIG across these 2 types of TSS is not known [28] . NF and TSS secondary to GAS are associated with high case-fatality rates (29% and 38%, respectively) [26] , and GAS is the only etiology of NF for which IVIG has a specific recommendation. Accordingly, NF-shock recipients of IVIG were 2.5 times more likely to be culture positive for GAS. In our study, IVIG was administered more frequently to younger patients with lower comorbidity burden; this pattern has been previously described and suggests a more aggressive approach in this population [17] . Records review revealed significantly higher norepinephrine equivalents [29] and Sequential (Sepsis-Related) Organ Failure Assessment (SOFA) scores [30] among overall IVIG cases compared with non-IVIG cases of NF-shock. These findings indicate that IVIG recipients were more acutely ill, underscoring the importance of highly effective matching. Ninety-seven percent of IVIG cases and 85% of non-IVIG cases had true NF upon records review ( Table 2 ), indicating that our case-selection algorithm performed well. Two or more operating room visits are generally required for obtaining complete surgical control [23] . Eighty-nine percent of reviewed debridement algorithm-positive cases correctly represented debridement for NF. The prevalence of true NF cases that might have been managed with only beside examinations after initial OR debridement could not be discerned, but bedside exploration is generally poorly tolerated by patients and at variance with standard surgical practice for NF. We also did not study the role of IVIG as definitive therapy in the absence of surgical debridement as this practice, although reported, is not considered standard of care [31] .
Our study has several important limitations. First, while propensity score matching can minimize confounding by indication, its success is contingent upon the quality and granularity of available variables. Differences in baseline severity of illness, extent of tissue involvement, and causative pathogen between matched pairs may still be contributing to residual confounding. However, we were able to perfectly balance matched pairs for GAS or SA diagnosis codes, as well as the TSS code and clindamycin use. The inclusion of clindamycin and number of debridements as a matching variable precluded independent evaluation of its efficacy in our study. However, clindamycin selected for non-IVIG cases with clear indications for IVIG use, such as coding for TSS and GAS, and therefore greatly enhanced match balance. Importantly, evidence supporting a survival benefit for clindamycin in NF caused by GAS and expert opinion has resulted in a strong recommendation in IDSA guidelines [10] . Second, duration of stay and treatments administered (including IVIG) during previous hospitalizations were not available for transfers from other centers. Survival bias is an inherent limitation associated with transferred patients. However, we matched on transfer status to mitigate these effects. Third, excluding the single debridement cases could have eliminated some cases successfully treated with IVIG and a single debridement. Fourth, we were unable to match on use of hyperbaric oxygen, a treatment with unclear benefit in NF, as only 3 (1.8%) of the IVIG cases received this therapy. Fifth, we were unable to evaluate the impact of dose and duration of IVIG, although the median initial dose on chart review equaled the initial dose of the 3-day course administered in the Scandinavian clinical trial (day 1: 1 g/kg intravenously, days 2 and 3: 0.5 g/kg intravenously); there are currently no guidelines on recommended dosing [14] . Sixth, our study was not designed to determine cost effectiveness as information on center-specific costs is unavailable in the database. Vizient, the largest member-owned healthcare services company in the United States, priced the daily cost of IVIG in 2016 at $73 per gram. Seventh, sucrose content (associated with osmotic nephrosis and renal failure) and the specificity of antibody content differ between preparations of IVIG, which were not discernible in the database. These differences in IVIG preparations could potentially affect outcome. Routine use of IVIG in NF with vasopressor-dependent shock provided no benefit when added to aggressive surgical debridement, appropriate antibiotics, and supportive care. This lack of benefit persisted upon limiting the analysis to patients who received IVIG early and to those who had coding for GAS and/or SA, as well as to those who received clindamycin. Intravenous immunoglobulin is a costly treatment with potential harms that is currently used sparingly across US academic medical centers. Additional investigations using clinical-and microbiology-enriched data sources may further clarify the impact of IVIG in this rare but serious condition. Our results underscore the challenges of conducting a sufficiently powered trial of IVIG in NF-shock. These data can also help inform the design and conduct of trials investigating newer, more specific agents targeting the superantigen mechanism of excessive immune activation.
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